Abstract-The minimally invasive spine surgery has been popular in recent years as it reduces the chances of complications during intraoperation and postoperation. However, the procedure of pedicle screw insertion is complicated and has a steep learning curve during this surgery. A minimally invasive spine system training is developed with real force feedback and an assessment of performance as a training tool for a common spine minimally invasive procedure-pedicle screw insertion, helping to minimize possible risks and expenses due to the learning curve of trainees. The minimally invasive spine system training based on augmented reality consists of a physical and a virtual components. A physical model of the spine is created with a three-dimensional printer using specific patient data. The virtual one is created with the computed tomography scan of the physical spine model attached with four markers displaying on a screen of computer called the virtual three-dimensional space. Two IR cameras are used to track the movement of the training instrument in the real-world space. The position of the training instrument in virtual three-dimensional space can be obtained by the space registration algorithm according to the position of the training instrument in the real-world space. Using the aforementioned techniques, we have developed the minimally invasive spine system training providing the trainee with real force feedback in real time and creating a standardized scoring system that compares a trainee's performance to that of an expert. The design and implementation of the minimally invasive spine system training are presented.
INTRODUCTION
The minimally invasive spine system (MISS) is widely applied in Medicine due to decreased tissue damage to the patients and the cost of treating spine diseases compared with open spine surgery. This has been shown to shorten hospital stay, speed recovery, lessen the long-term muscle wasting effects of open surgery, and spare the patient exposure to possible addicting opiate medication. But it takes a long time and high expense for surgeons to master the technologies of the MISS [1] - [6] . The majority of the MISS is to insert pedicle screw by the topography of the target and the access anatomy. The procedure of pedicle screw insertion is complicated, it is easy to take place a substantial risk of breaking the bone or nerve even when using intraoperative image or fluoroscopic guidance [7] - [12] . Above all, pedicle screw insertion is high accurate surgery procedure, which is needed high accurate haptic feedback for better surgical training results. Many kinds of minimally invasive spine training systems have been developed to solve this problem in recent years.
More and more researchers focus on the rapidly developed The minimally invasive spine system training (MISST) with the current availability of virtual reality technology. MISST ranges from the use of inanimate models such as box trainers to virtual reality training systems. Traditional box trainers have been criticized for the lack of any forms of objective assessment of performance which is fundamental to provide formative feedback during training, allowing for continuous skill refinement [13] . Most virtual reality training systems do provide objective assessment, but lack force feedback which is the major factor for high accurate surgery [13] - [14] . Many systems attempt to achieve this goal through a force feedback devices, providing the trainees with various levels of the realism [15] - [20] . However, this feature adds significantly to the cost of the devices [20] . The force feedback of the devices is based on the accurate mathematical model of the instrument operation. For the SSIM, it is complicated and difficult to build an accurate mathematical model. So virtual reality training system with force feedback devices now in use cannot meet the high accurate need of pedicle screw insertion.
There is a large and growing gap between the need for better surgical training methodologies and the systems currently available for such training [21] . In an effort to bridge this gap and overcome the disadvantages of the training systems now in use, we developed a MISST with real force feedback and an assessment of performance as a training tool for a common spine minimally invasive procedure -pedicle screw insertion in this paper. Given the need for high accurate force feedback and the limitations of current technology, we believed that the simplest and most cost-effective solution is using real training instruments and real physical model of the spine and IR cameras, as we have done in our system. For our system, trainees can apply the training instrument fixing the reference frame with four markers for the spine physical model placed in an anthropometric dummy to get real force feedback and the position of the training instrument relative to the spine physical model can be obtained by the virtual threedimensional spine model, projection fluoroscopy, or CT slice in virtual three-dimensional space as the trainees needed, which corresponds to the standard procedure of pedicle screw insertion in the MISS. The virtual three-dimensional model of the spine is created with the physical spine model attached with four markers computed tomography scan displaying on the virtual three-dimensional space. The position of reference frame fixed in the training instrument in real-world space is tracked by Two IR cameras displaying on the virtual threedimensional space through space registration algorithm. After the trainee accomplishing the surgery procedure, the trainee's result and score comparing with expert's result display in the software interface. The score and assessment according to the errors between the trainee's result and the expert's result can be calculated by the software.
II. MATERIALS AND ARCHITECTURES

A. System architectures
As shown in Fig. 1 , the system consists of a physical spine model, training instrument, two IR cameras, a Lenovo 20D graphics workstation with a screen and software interface. As shown in Fig. 2 , the physical spine model attached with four markers is placed into anthropometric dummy, which is fixed to a stand. These four markers are used in space registration based on points algorithm. As shown in the Fig. 3 , the training instrument corresponds to the standard surgical instrument, fixing a reference frame with four markers which is used to dynamic tracking. The IR cameras are positioned orthogonally on the stand, and they detect the position of the reference frame with four markers that is fixed in the training instrument. The virtual training instrument, the spine virtual threedimensional model, the spine projection fluoroscopy image, the spine CT slice, the trainee operation and the trainee score all can display on the virtual three-dimensional space by the trainees operation. The virtual three-dimensional model of the spine is created with the physical spine model attached with four markers computed tomography scan. The virtual training instrument is created by SolidWork. 
B. Software and hardware requirements
The system hardware consists of a Lenovo 20D graphics workstation, a spine physical model, two IR cameras and a training instrument.
A spine physical model is created with a three-dimensional printer using specific patient data by special materials, corresponding to human spine and attached with four markers arranged in a non-coplanar configuration and the center of arbitrary three markers is no-collinear. The markers are designed to be bright in CT images. The two IR cameras are positioned orthogonally on the stand and the frame rate varied between 10 and 15 frames per second. This is the lower bound to obtain an acceptable visual impression at the master side. The IR cameras are used for tracking the instrument without interfering in the procedure, the processing time and noise caused by ambient light are reduced considerably, which allows the surgeon to perform the procedure without altering the environment. The training instrument fixes a reference frame with four markers which is used for dynamic tracking, the markers are placed in a small size, which do not interfere with the procedure, and also are detected by the cameras.
The software program is written in C++ language and includes a Visualization Toolkit (VTK5.10) and Insight Segmentation and Registration Toolkit library (ITK3.20), and OpenCV (2.4.9). Software interface is set up on QT (4.8.2), which is a cross-platform application.
III. METHODS AND PROCESSES
A. Building software interface
The trainee can use the software interface to prediction of where to insert pedicle screw. What's more, the instrument will be displayed on the three-dimensional spine model, simulated 2-dimensional CT images, and simulated radiograph image in virtual three-dimensional space. After the trainee accomplishing the surgery procedure, the trainee's result and expert's result are displayed in the software interface. The distance and angle error of the trajectory will be considered to assess the trainee's performance.
The computed tomography scan (DICOM FORMAT) of the physical spine model attached with four markers is used to reconstruct the virtual three-dimensional spine model by the ray-casting volume rendering algorithm. At the same time, a projection fluoroscopy image is generated by the Digitally Reconstructed Radiographs algorithm. Another process is the arbitrary angle slice of the three-dimensional model to generate CT images. The position of the virtual instrument is determined by the position of the real instruments in three-dimensional space by the space registration algorithm.
B. Tracking the instrument
The system is capable of tracking the movements of the training instrument when the trainee performs pedicle screw insertion. This enable trainee to use real training instrument. The use of real training instrument with this training system provides a simple solution to the human-instrument interactions discrepancy encountered with other spine surgery training system. Visual feedback is provided with software interface, thus replicating the same visual feedback used in minimally invasive surgical procedures. The camera calibration is computed by Zhang Plane-based Calibration Method, which is needed in calculating three-dimensional position in the real world space. However, the degrees of freedom that handles the instrument are within the field of view of IR cameras arranged orthogonally.
For our system, we choose the IR cameras, which can reduce the processing time and noise caused by ambient light considerably. What's more, we use the affine Moment Invariants combined with the region of interesting (ROI) algorithm to track the instrument which tremendously improves the computational stability and also reduces the computational time further.
Under 
Where pq μ is the (p+q) order normalized central curve moment.
Definition 1:
The (p+q) order curve moment can be defined as The ( ) p q + order normalized central curve moment can be defined as 
when an arbitrary curve satisfies the below inequations, the cure is the contour of the marker. 
Where i p is the center of the marker.
The extraction result of the markers with the affine Moment Invariants combined with the region of interesting (ROI) algorithm is shown in Fig. 4 . Use the three-dimensional reconstruction algorithm to calculate the position of markers in the real world space according to the extraction result of the markers. Before that the cameras lens distortion must be considered. Here we mainly describe the tangential distortions and radials distortions.
The radial distortions arise from the assembly process of the camera as a whole, distorting the location of pixels near the edges of the imager. The model of the radial distortions can be described as following: (1 k r r k r ) The tangential distortions arise as a result of the shape of the lens. The model of the radial distortions can be described as following: Under normal conditions we can obtain the positions of four markers after the three-dimensional reconstruction algorithm. we just get three markers' position in the real-world space when one marker is beyond the reach of IR cameras'view, but we can get the position of the missing marker using the following solution.
First, according to the four markers are in the same plane and three points determine a plane, we can get the plane equation according to knowing three positions of the markers.
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Second, four markers are fixed in the reference frame, the distance of arbitrary two markers is constant. Knowing three markers' coordination in real-world space being i v , and the distance of the missing marker to these three markers being i d , we can get the following equations: 2  2  2  1  1  1   2  2  2  2  2  2   2  2  2  3  3  3   2   2 2 2  2  2  2  1  2  1  2  1   2  2  2  2  3  2  3  2  3  2   2  1 2 2
According to (17) and (20) we can get the below equation:
Calculate (21) using least-square algorithm, we can get the position of the missing markers in the real-world space.
C. The process of the tracking training instrument
First, open the cameras and click the center of the reference frames in the left and right images being in the start frame, which is completed via the mouse event. The center of the reference frame can be used as the center of ROI to next frame. Second, color-image is preprocessed with graying, smoothing, then edges detection are implemented with Canny algorithm on the image. Third, extract the contours of markers in the ROI and calculate the center of the reference frame as the center of ROI to next frame. At last, use the threedimensional reconstruction algorithm to calculate the real world space position of markers on the reference frame with calibration parameters of two cameras.
The aim of space registration is to obtain the position of the training instrument in virtual three-dimensional space according to the position of instrument in the real-world space.
Space registration can be accomplished using point-based methods, which involve the determination of the coordinates of corresponding points in different space and the transformation using these corresponding points. The position of four markers on the spine physical model in the real world can be calculated by three-dimensional reconstruction algorithm. The position of four markers in the virtual space can be recognized and obtained. The registration of spine belongs to rigid-body registration. We calculate the rigid-body transformation from the corresponding points using generalized inverse of matrix solution.
The position of the training instrument in virtual threedimensional space is obtained using the space registration algorithm according to the position of the training instrument in the real-world space. The position of the training instrument in the real-world space at some point is shown in Fig.5 . The corresponding positions of the training instrument in virtual three-dimensional space are shown in Fig.6, including the (a) figure in Fig.6 shows the position of the training instrument in the virtual three-dimensional model of the spine, the (c) figure in Fig.6 shows the positions of the training instrument in projection fluoroscopy of the spine, the (b) figure in Fig.6 shows the positions of the training instrument in CT slice of the spine. 
IV. RESULT
In this paper, we accomplished the software surface developed, the trainee is able to use two-dimensional frontal and lateral radiograph images as the training environmental and practice aligning the instrument, after which the trainee is able to obtain the final position of the pedicle screw in both the CT slice and three-dimensional model, which corresponds to the standard procedure of the MISS. After the trainee accomplishing the surgery procedure, the trainee's result and score are displayed in the software interface. The score and assessment according to the errors between the trainee's result and the expert's result can be calculated by the software, which is shown in Fig. 7 . The left image A in the Fig.7 shows the mal positioning with lower score 1.5 and the right image B in the Fig.7 shows the right positioning with lower score 4.7. 
V. CONCLUSION
We have developed an Augmented-reality system training for minimally invasive spine surgery providing trainee with real force feedback using real training instrument and threedimensional physical spine model as well as two IR cameras. And we created a standardized scoring system that compares a trainee's performance to that of an expert. Comparing to virtual reality training systems, the MISST providing trainee with real force feedback which can satisfy the high accurate need of the pedicle screw insertion and the need for better surgical training methodologies. Comparing to traditional box trainers, the standardized scoring system can assess the performance of trainee which is fundamental to provide formative feedback during training, allowing for continuous skill refinement. Now the accuracy of the pedicle screw insertion is less than 1mm in MISS, while the precision of this instrument's dynamic tracking can not be satisfying in our system. The errors are caused by the errors of extraction of markers, space registration and three-dimensional reconstruction. The validity of this novel approach and further studies aiming at reducing the errors are in process.
